Abstract. With advantages of no mechanical contact, vacuum compatibility, oil-free, and high reliability, an eddy current damper (ECD) is designed for use in space. To obtain perfect damping characteristics, a conductor as an outer copper tube and two stationary plates, and an array of axially magnetized ring-shaped permanent magnets separated by iron pole pieces as a mover are used in the proposed ECD. Among the outer conductor tube, a steel tube is used to prevent the electromagnetic leakage. Since the generated eddy currents create are pulsive force that is proportional to the velocity of the conductor, the moving magnet and conductor behave like a viscous damper. An accurate analytical model based on the electromagnetic theory for this type of eddy current damper is proposed, and a finite-element method (FEM) is carried out to predict the magnetic field and current density.
Introduction
Eddy currents are generated in a conductor in a time-varying magnetic field. They are induced either by the movement of the conductor in the static field or by changing the strength of the magnetic field, initiating motional and transformer electromotive forces, respectively. Since the generated eddy currents create are pulsive force that is proportional to the velocity of the conductor, the moving magnet and conductor behave like a viscous damper. Compared with other types of dampers, such as viscous, viscoelastic, or piezoelectric dampers, the eddy current damper has advantages of no mechanical contact, high reliability, high thermal stability, and vacuum compatibility [1] [2] [3] . Although there are those locations that are particularly well suited for eddy current dampers, but perhaps the most promising is in space. Because it did not require any liquid that could leak during operation, had low friction, and provided small variation in damping over a fairly wide range of temperatures. When a device is placed into orbit, the system must function for its entire lifespan without requiring any type of maintenance [4] [5] [6] . This can place limitations on the type of damper used, leaving few systems left. The extremely cold temperatures that are present in space actually improve the damping performance of the eddy current damper, due to the decrease in resistivity of the conductor. This paper proposed a new configuration of eddy current dampers. Figure 2 depicts a schematic configuration of the proposed eddy current damper. The proposed damper consists of a conductor as an outer tube and an array of axially magnetized, ring-shaped permanent magnets separated by iron poles as a mover. Among the outer conductor tube, there is another metal tube of steel material, which is used to prevent the electromagnetic leakage causing damages to components assembled in the spacecraft. This is extremely important for the damper designers. The relative movement of the magnets and the conductor causes the conductor to undergo motional eddy currents. An analytical model for this eddy current damper is derived based on electromagnetic theory, and the eddy current density is computed using finite element analysis FEA. The results show that the new configuration of eddy current damper is effective. 
Description of the prototype and analytical modeling
The schematic cross-section configuration of the proposed eddy current damper is depicted in Figure 2 . Bold arrows indicate the direction of the magnetization for each Permanent magnet (PM). It consists of a ring-shaped conducting aluminum plate and two cylindrical permanent magnets, whose like-poles are in close proximity. The lower permanent magnet and the two eddy current plates are stationary, while the upper magnet array has a reciprocating motion. The copper is chosen as the conductor material because of its high electrical conductively ( . The relative movement of the magnets causes the conducting plate to undergo a time-varying magnetic field such that a transformer eddy current is generated. Since there is a relative movement between magnets and the two conducting plates, a motional eddy current is generated as well. Fig. 2 . Configuration of the proposed eddy current damper. Axially magnetized permanent magnets in the mover result in a higher specific force capability than that of radially magnetized ones. Instead of disc-shaped magnets, annularly shaped magnets supported by a non-ferromagnetic rod are selected; they are fastened on a non-magnetic rod, reducing the effective air gap. Its dimensions are listed in table 1. 
Magnetic flux density calculation
There are a number of approaches for calculating the magnetic flux density of a permanent magnet. The simplest approach is the dipole moment model, which is more appropriate for the flux density calculation for long distances, compared with the magnets' diameter. For a permanent magnet with length τm and radius R, the magnetic flux density at a distance (r, z) from the magnet geometric centre is obtained [7] by computing (2) The distribution of magnetic flux density of eddy current damper is further studied using the FEA method. Both the two-dimensional model and three-dimensional model of the damper are simulated, using ANSYS 13.0, for further analysis of the proposed ECD and to estimate the magnetic flux density [8] . Figure 3 shows the magnetic flux density analysis results of the proposed mover configuration. Magnetic flux density streamlines and the induced magnetic field are plotted in these two figures. It is observed that the radial magnetic flux density is concentrated and enhanced at the iron pole pieces, causing more eddy current induction such that the ECD is more effective. And the magnetic flux density in areas beyond the ECD is exceedingly weak. That's to say the influence of electromagnetic leakage can be ignored.
Since the 3D finite-element analysis method is much more precise than 2D analysis, the 3D finite-element analysis method is adopted to predict the eddy current density and damping coefficient for conductors moving inside the magnetic field. To add conductor velocity, a 3D transient analysis method is used to simulate a moving conductor under a static magnetic field excitation as moving conductor analysis can be done directly in a 2D static magnetic analysis, but not in 3D in ANSYS.
And the specific velocity can be assigned to the conductor. The Eddy current distribution of the proposed eddy current damper is depicted in Figure 4 . 
Conclusion
In this paper, a passive eddy current damper was developed that is capable of effectively suppressing vibrations. The structure of the new passive eddy current damper is straight forward, requiring no external power supply or any other electronic devices. A theoretical model of the proposed system is constructed by using the transformer eddy current contribution for the motional eddy current estimation. The magnetic flux and eddy current damping force are analytically calculated by finite element. The performance of the proposed eddy current damper can be further improved by using high-quality, low-weight permanent magnets, as well as conductors with higher conductivity.
